I. INTRODUCTION
Efficiency droop, referring the reduction of efficiency with increasing current density in InGaN based LEDs, 1, 2 has been one of the biggest problem hindering the fast adoption of LED technology in solid state lighting and displays. Mechanisms such as Auger recombination, 3, 4 quantum confined Stark effect, 5 and carrier leakage 3 have been studied to explain the efficiency droop. Successful analysis of the physical mechanisms can also contribute to improving other InGaN based optoelectronics, such as photovoltaics. 6 However the actual reason is not conclusive yet. The droop characteristic of LEDs is generally characterized by carrier rate equation model with ABC coefficients, where A, B, and C are Shockley-Read-Hall (SRH), radiative, and Auger coefficients, respectively. Recently, direct experimental evidence of Auger scattering from an InGaN LED under electrical injection was reported using electron emission spectroscopy, which is in strong support for the Auger hypotheses. 7 However, one of the major drawbacks for the Auger recombination theory is that the theoretical C coefficient obtained by the direct intraband Auger recombination process is too low to account for the observed experimental results. 8, 9 In order to overcome this discrepancy in ABC model, many efforts have been developed from different perspectives. For example, Kioupakis et al studied indirect Auger recombination process mediated by electron-phonon coupling and alloy scattering using atomistic first-principle calculations and obtained a larger C coefficient. 10 Ryu et al showed that the combination of indium composition fluctuation, internal polarization and inhomogeneous carrier distribution lead to reduced active region volume which will affect the ABC model and therefore impact the droop properties. 11 In an analytic model, Lin et al modified the ABC equation where a drift-induced leakage (C D L ) term was incorporated into the C coefficient along with the Auger (C Auger ) term. 12 However, most of these analyses are almost exclusively based on the conventional c-plane devices.
Recently, nonpolar and semipolar InGaN LEDs have been proposed to solve the efficiency droop problem. [13] [14] [15] [16] [17] [18] [19] It is argued that reduced or eliminated polarization-related effects in semipolar or nonpolar GaN enables the growth of thick heterostructures or quantum wells (QWs), which results in reduced carrier density in the active layer and thus less droop effect. It's have been reported that semipolar (2021) and (3031) LEDs have superior low droop performance. [13] [14] [15] Furthermore, a recent study compared internal quantum efficiencies (IQEs) of semipolar and conventional c-plane InGaN LEDs using a modified ABC model with PSF effect developed by David et al. 20, 21 Later on Kioupakis et al found that PSF can severely lower the LEDs efficiency using first-principle calculation. 22 Although the IQE curve of c-plane devices was very well fitted with the model, similar A,B, C coefficients were not able to model the semipolar LEDs. 21 These results indicate that a different ABC model has to be used for nonpolar and semipolar LEDs where the different physical properties and resulted carrier dynamics must be taken in to account. In this paper, we study the phase-space filling (PSF) effect on the modelling of semipolar InGaN LEDs. A much weaker phase-space filling was found on semipolar LEDs possibly due to the lower carrier density in the devices. The modified ABC equation shows good agreement with experimental results on semipolar LEDs.
II. SIMULATION METHODS

A. Modified rate equations
For c-plane devices, it was argued that the decreasing of B and C coefficient at high carrier density in c-plane LED is accounted by strong PSF effect due to the invalidity of Boltzmann distribution caused by Pauli exclusion principle. 23 Based on these considerations, the current density J and IQE can be written as a function of carrier density n 20 :
where q is the charge of electron and d is the active region thickness. n 0 is the phase-space filling coefficient, and B/(1 + n/n 0 ) and C/(1 + n/n 0 ) are radiative and Auger coefficients with PSF effect. From the equations, it indicates that smaller n 0 means strong PSF effect. For nonpolar and semipolar devices, however, carrier density can be much lower due to several mechanisms, which will potentially impact the PSF effect. These physical mechanisms will be examined in the second part of the paper. To study the PSF effect on the LEDs droop performance, we calculate the IQE curves for LED structure with different A, B, C, d and n 0 coefficients based on Eqs.
(1) and (2) (which are also called rate equation model).
FIG. 1. Calculated IQE curves as a function of current density with different n 0 coefficients. The inset presents the calculated peak IQEs and peak current densities of LEDs as a function of n 0 coefficient.
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B. Droop performance
IQE curves as a function of current densities are calculated in Figure 1 . The A, B, C and d values used in the calculations are 1 × 10 7 s −1 , 2 × 10 −11 cm 3 ·s −1 , 5 × 10 −30 cm 6 ·s −1 and 12 nm (4 sets of QWs with 3 nm each), respectively, which are reasonable values for InGaN LEDs. High C coefficient used based on experimental results to account for both direct and indirect Auger process. 3, [6] [7] [8] The simulated results show that n 0 has strong impacts on both the peak IQE and the efficiency droop of the LEDs. The absolute IQE values increases when n 0 increases, indicating that a weaker PSF effect will lead to a higher IQE value at all current densities. The inset demonstrates the peak IQE (solid blue line) and peak current density (dash red line) as a function of n 0 . The results show that the peak IQE and peak current density first rise up with increasing n 0 and then saturates at around n 0 = 10 20 cm −3 . However, when n 0 exceeds 10 20 cm −3 , PSF effect shows almost no impact. This is possibly due to the fact that PSF only comes into play when n/n 0 ≈ 1, as indicated in Eqs. (1) and (2) . When n 0 is larger than 10 20 cm −3 , n/n 0 << 1 and therefore the PSF effect is minimum. Furthermore, we discuss the PSF effect on the efficiency droop, where the droop ratios for IQE curves with different n 0 are summarized in Table I . The droop ratio is defined as droop ratio = (IQE Max − IQE J )/ IQE Max × 100%, where the IQE Max and IQE J represent the IQE maximum and the IQE at different current densities. For n 0 = 10 18 cm −3 , the IQE curve exhibits 38.4% efficiency droop at a current density of 100 A/cm 2 and a very large droop of 62.4% at a current density of 400 A/cm 2 . When n 0 increases, the droop ratio of the devices decreases due to the decreased PSF effect. For n 0 = 10 20 cm −3 , the droop is only 15.5% and 35.3% for a current density of 100 A/cm 2 and 400 A/cm 2 , respectively. This indicates that weaker PSF effect will also lead to lower efficiency droop especially at high current density.
Figures 2(a)-2(c) present IQE curve versus current density with different A, B, and C coefficients. In order to investigate the influence of PSF effect in detail, IQE curves with strong PSF (n 0 = 3 × 10 18 cm −3 ) are compared with that of weak PSF (n 0 = 5 × 10 19 cm −3 ) here. In Fig. 4(a) , IQE curve is calculated with various A coefficients while B (2 × 10 −11 cm 3 ·s −1 ) and C (3 × 10 −30 cm 6 ·s −1 ) and d (18 nm) are kept the same. It shows that strong PSF effect reduces IQE at certain current density and IQE difference between strong and weak PSF effect is particularly prominent at high current density, which can be more than 20%. It is also noteworthy that a strong PSF effect will give rise to smaller peak IQE and peak current density. Similar tendencies were also observed for different B and C coefficients as indicated in Figs to the fact that A is mainly concerned at low current density region. This is also consistent with rate equation mentioned above. , respectively. The thickness of the active region d is set as 3 nm (1 set of QWs), 21 nm (7 sets of QWs) and 33 nm (11 sets of QWs), respectively. The calculation shows that an increasing active region thickness will effectively reduce the efficiency droop, which is consistent with other theoretical studies and experimental results. However, at same active region thickness, the structures with a strong PSF effect will result in a significant reduced IQE (as high as 15%) at certain current density comparing with that of the structures with weak PSF effect.
C. Physical mechanism
LEDs structures with strong (polar c-plane devices) and weak (nonpolar/semipolar devices) PSF effect will have very different IQE curve and droop characteristics. The modeling of such devices should be therefore treated differently. This concept may explain the different efficiency droop characteristics in polar c-plane LEDs and nonpolar/semipolar LEDs, where the experimental data on c-plane (nonpolar/semipolar) structures showed similar IQE characteristics with the simulated results on strong (weak) PSF effect. The physical origin of such difference in PSF effect can be explained in several perspectives.
First of all, for c-plane devices, strong polarization-induced electric field exists inside the InGaN QWs, which will result in significant energy band tilting which leads to a phenomenon known as quantum-confined Stark effect (QCSE). This distorted band diagram will greatly decrease the electron and hole's wavefunction overlap (as shown in Fig. 4(a) ). Kioupakis et al shows that the radiative recombination coefficient is proportional to the square of the wavefunction overlap. 24 Thus a less wavefunction overlap in c-plane LEDs will lead to a lower radiative recombination rate (B). Further theoretical and experimental work show that A and C are also related to the squared of the wavefunction overlap. 21, 25 These results mean at certain current density, semipolar LEDs has higher A, B and C coefficients than c-plane LEDs. Though higher current density can reduce the QCSE, calculations show that the square of wavefuction overlap of semipolar planes are always higher than that of c-plane at all current densities. 26 Therefore the reduction of QCSE at high current density has minimum effect on the droop characteristics of semipolar and c-plane LEDs. Since A,B, and C coefficients are smaller for c-plane LEDs, the carrier density is always higher at a given current density on this polar orientation according to Eq. (1). This results in a strong PSF effect in c-plane LEDs. In contrast, nonpolar or semipolar InGaN QWs have eliminated or reduced QCSE (Fig. 4(b) ), which will lead to a flatter QW profile and higher wavefunction overlap, and a lower carrier density (weak PSF effect). Secondly, short carrier lifetime and faster carrier transport may also contribute to a weaker PSF effect for semipolar LEDs. Figure 5 shows the time-resolved photoluminescence measurements . TRPL measurement is carried at 300K using a time-correlated single photon counting (TCSPC) system. The excitation laser wavelength is 390nm. And the power is set to 0.1mW in order to ensure low injection which avoids affecting the internal electric field of the QW so that the intrinsic properties of different LEDs can be obtained. 28 We can see that these semipolar LEDs decay faster, which means they have smaller carrier lifetime. Other TRPL measurements also reveal a much smaller carrier lifetime for semipolar LEDs (several hundred picoseconds) compared to that in c-plane devices (tens of nanoseconds). 29 The current density and carrier density is related as following: J = qdN/τ where N is the carrier density and τ is the carrier lifetime. Because it takes much less time to decay for carriers, carrier density will be lower at a given current density for semiploar LEDs. Furthermore, recent work in carrier transport indicates that slow tunneling-assisted carrier transport in c-plane LEDs results in a large nonuniformity of carrier distribution. 30 For semipolar planes, however, a rectangular or close to rectangular barrier shape can be formed, which enables ballistic transport for carriers. 30 As a result, carriers are more uniformly distributed in the active region, which may further decrease carrier density in semipolar LEDs and lead to a weaker PSF effect.
Thirdly, due to unbalanced biaxial strain and modified valance band structure, the effective mass of holes will be lower and bandgap will be larger for semipolar QWs compare to that of c-plane devices. 31 This may also play a role in determine the carrier density and PSF effect. Density of states and the carrier density for QWs are given by the follow equations:
Where m * is the effective mass m h * is the effective mass of holes, m e * is the effective mass of electrons, g(E) is the density of states, p is the hole's density, f (E) is the Fermi function, E f is the Fermi energy, E v is the energy of valence band edge, E f is the energy of valence band edge,d is the QWs thickness, h is the Planck constant, k is the Boltzmann constant and T is the FIG. 6 . Experimental efficiency data of semipolar LEDs (filled square). A theoretic fitting for semipolar LEDs with weak PSF effect (dash red line, n 0 = 6 × 10 19 cm −3 ) and strong PSF effect (solid blue line, n 0 = 1.6 × 10 18 cm −3 ).
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Fu, Lu, and Zhao AIP Advances 6, 065013 (2016) temperature of the system. The equation shows that the carrier density product pn is proportional to the both electron and hole effective mass, and exp(-E g /kT). Park et al found that when incorporating the spontaneous and piezoelectric polarization, semipolar planes have slightly larger bandgap and smaller hole effective mass 30 while electron effective mass is almost the same. Therefore, the average carrier density in semipolar InGaN QWs will be lower according to Eq. (5), leading to a weaker PSF effect than c-plane devices. It's worth mentioning that though the carrier density of semipolar LEDs are smaller than c-plane LEDs, the radiative recombination rate, which is Bpn, of the former are much larger due to much better electron and hole wavefunction overlap. In addition, other factors such as weak localization, shorter spontaneous emission lifetime, and larger binding energy of exciton in semipolar LEDs can also lead to a weak PSF effect.
32
III. EXPERIMENTAL RESULTS
Finally, the rate equation model with strong and weak PSF effect is applied to fit the experimental results on a semipolar LEDs 14 as shown in Fig. 6 . We assume that the injection efficiency is 100% andlight extraction efficiency is 70% which is reasonable with current techniques. It should be noted that A, B, C, d and n 0 coefficient cannot be arbitrarily chosen to fit the data. In real device simulation, it is very important to keep A, B, C coefficients within the reasonable ranges that are reported by theoretical or experimental work, and d is determined by the device structure. As a result we can't choose arbitrary fitting parameters for the work and there's only one set of parameters optimal for specific IQE curve. Due to these constrains, the semipolar LEDs can be only simulated using modified ABC model due to the distinct droop behavior. The IQE curve of semipolar LEDs is well fitted by rate equation model with weak PSF effect where A = 1.3 × 10 7 s −1 , B = 4.6 × 10 −11 cm 3 ·s −1 and C = 4.8 × 10 −30 cm 6 ·s −1 , d = 9 nm and n 0 = 6 × 10 19 cm −3 were used. The radiative recombination coefficient is in the reasonable range and is also higher than that of reported c-plane LEDs. 4, 22 This C value is higher than the calculated one possibly due to the accumulative effect of direct (intraband and interband) and indirect (phonon, alloy or defect assisted transition) Auger recombination process. [8] [9] [10] However, a very large efficiency droop is seen in the IQE curve with strong PSF effect (n 0 = 1.6 × 10 18 cm −3 ) where the A, B, C and d are the same. These results indicate that by tuning PSF effect we can fit IQE curve of semipolar LEDs extracting A, B, C coefficients which cannot be achieved by conventional ABC model. Table II lists the fitting parameters of modified ABC model for other c-plane and semipolar LEDs. 13, 15, 33, 34 By comparison, we can see that n 0 of semipolar LEDs are larger than that of c-plane LEDs. Large n 0 must be used in the fitting of semipolar LEDs, which indicates that weak PSF effect may exists in semipolar LEDs which will lead to the low-droop performance. The reasons for this are explained in detail in Sec. III.
IV. CONCLUSIONS
We study the phase-space filling (PSF) effect on the modeling of InGaN LEDs. Very distinct efficiency characteristics were obtained for LEDs with strong (polar) and weak (nonpolar/semipolar) PSF effect and the physical mechanisms were briefly discussed. By tuning PSF effect, very good agreement between theoretical simulation and experimental result was obtained for the IQE curve for low-droop semipolar LEDs. This result provides a new way to extract important recombination coefficients for semipolar LEDs and may indicate that the low-droop performance is related to the weak PSF effect.
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